Nascent RNA may form a three-stranded structure with DNA, called an R-loop, which has been linked to fundamental biological processes such as transcription, replication and genome instability. Here, we provide a detailed protocol for a newly developed strategy, named R-ChIP, for robust capture of R-loops genome-wide. Distinct from R-loop-mapping methods based on the monoclonal antibody S9.6, which recognizes RNA-DNA hybrid structures, R-ChIP involves expression of an exogenous catalytically inactive RNASEH1 in cells to bind RNA-DNA hybrids but not resolve them. This is followed by chromatin immunoprecipitation (ChIP) of the tagged RNASEH1 and construction of a strand-specific library for deep sequencing. It takes~3 weeks to establish a stable cell line expressing the mutant enzyme and 5 more days to proceed with the R-ChIP protocol. In principle, R-ChIP is applicable to both cell lines and animals, as long as the catalytically inactive RNASEH1 can be expressed to study the dynamics of R-loop formation and resolution, as well as its impact on the functionality of the genome. In our recent studies with R-ChIP, we showed an intimate spatiotemporal relationship between R-loops and RNA polymerase II pausing/pause release, as well as linking augmented R-loop formation to DNA damage response induced by driver mutations of key splicing factors associated with myelodysplastic syndrome (MDS).
Introduction
Genomes are the underlying templates for many biological processes in the nucleus that are temporally and spatially coordinated, including transcription, replication and epigenetic DNA and histone modification. In addition to many well-documented regulatory proteins, functional RNAs and specific nucleic acid structures, such as R-loops, have also been increasingly recognized as having important regulatory functions in the genome.
R-loops form when nascent RNA exiting from the exit channel within RNA polymerase II anneals back to template DNA, leaving non-template DNA single stranded. Although initially considered to be rare co-transcriptional by-products, emerging evidence suggests that R-loops are more widely distributed across the genome [1] [2] [3] . A number of specific genomic regions are thought to have high R-loop-forming propensity, including promoter and terminator regions of numerous genes 2, 4 , enhancers 4, 5 and telomere and centromere regions 6, 7 . Previous biochemical and genomics studies have demonstrated that R-loop-forming regions are tightly associated with GC-rich, especially G-rich (known as GC-skew), sequences on the non-template DNA 8, 9 . Such DNA segments have the potential to form a G-quadruplex, a secondary DNA structure containing guanine tetrads that are thought to promote R-loop formation by disrupting the normal helical structure of DNA, allowing a newly transcribed RNA to anneal back to template DNA 4, [10] [11] [12] . Importantly, we and others have recently shown that the presence of a free RNA end or a DNA nick greatly enhances R-loop formation by facilitating the invasion of RNA into double-stranded DNA (dsDNA) 4, 13 . It has been increasingly recognized that R-loops are highly dynamic, implying that R-loops are regulated during their formation and/or resolution 2, 4, 14 . R-loop formation is promoted by active transcription 15 , RNA polymerase pausing 4 and, intriguingly, head-on transcription-replication collisions 16 , and is counteracted by various RNA-binding proteins involved in RNA splicing 17 , nuclear export 18, 19 and degradation 5 , regulators of DNA conformation 20 and replication 21 , and chromatin modifiers 22 . As for the resolution of existing R-loop structures, RNase H endonucleases and various helicases, e.g., DHX9 (refs. 23, 24 ) and SETX 25 , are known to either cleave the RNA moiety in the RNA-DNA hybrid or unwind the hybrid to resolve the R-loop. Despite the rapid accumulation of knowledge on R-loop biology, our understanding of the regulatory pathway for R-loop formation and resolution has remained incomplete. As R-loops appear to play critical roles in DNA replication 26, 27 , transcriptional control 28, 29 , DNA damage response 30 and chromosome segregation 7 , excessive numbers of R-loops have been shown to interfere with both transcription 31 and replication 32 , leading to elevated genome instability and other functional defects in gene expression, which have been linked to various forms of cancer and neurodegenerative disease [33] [34] [35] . Given its important impact on both physiological and pathological processes, R-loop biology is of broad interest to researchers in multiple fields. Key to the study of R-loop formation and regulation is the development of robust methodologies for the accurate and comprehensive analysis of R-loops in the genome. Traditionally, R-loops have been analyzed by electron microscopy 10 , dot-blot hybridization and immunostaining 7, 36 . Although useful for visualizing and quantifying overall R-loop levels, these approaches do not provide detailed information on R-loop formation and dynamics at individual genomic loci. Immunoprecipitation (IP) with the S9.6 monoclonal antibody specific for RNA-DNA hybrids, coupled with deep-sequencing technology, has enabled genome-wide mapping of R-loops in vitro, which has greatly advanced our knowledge of R-loop biology 2, 3, 8, 37, 38 . However, various limitations of these S9.6-based approaches have also been noted in recent studies (see below).
To precisely probe R-loops in vivo, we have taken advantage of the catalytically inactive form of RNASEH1, a conserved enzyme from bacteria to humans that performs R-loop resolution 39 , to develop the R-ChIP technology, and have revealed the functional relationship between R-loops and transcription pausing 4 . On the basis of its successful application in both adherent (HEK293T) and suspension (K562) cells, we have further performed R-ChIP to reveal excessive R-loop formation as a key disease mechanism in MDS 33 . Here, we provide a detailed R-ChIP protocol as a complementary R-loop-mapping approach to those based on the use of S9.6 to facilitate its application in the field of R-loop biology.
Overview of the R-ChIP procedure
The whole procedure is summarized in Fig. 1 , which consists of five stages: establishment of stable cells expressing a mutant RNASEH1 tagged with a V5 sequence at the C terminus (Steps 1-5), chromatin cross-linking and fragmentation (Steps 6-27), ChIP (Steps 28-60), library construction (Steps 61-85) and sequencing and data analysis (Steps 86-91).
Generation of stable cell lines is the most time-consuming step; it involves the introduction of a construct expressing a mutant form (D210N in the catalytic domain) of RNASEH1 into the cell of interest by transfection or viral transduction followed by antibiotic selection 4 . A stable cell line expressing the WKKD mutant (W43A, K59A, K60A and D210N in both the catalytic and binding domains) can be constructed in parallel for comparison, although this type of control may not be needed in every experiment. For cross-linking and fragmentation, cells are harvested and fixed with formaldehyde, followed by cell lysis, nuclei extraction and sonication. Fragmented chromatin is then subjected to ChIP with antibody-conjugated beads, multiple rounds of washes, reversal of crosslinking, RNase A and proteinase K treatment and DNA recovery. If the quality of the recovered DNA passes the qPCR assessment for signal enrichment on certain known R-loop sites, both immunoprecipitated (IPed) and the corresponding input DNA are further processed for strand-specific library construction. A primer with a 9-nt random sequence at its 3ʹ end is used to anneal to the DNA moiety of the RNA-DNA hybrid, followed by extension to generate dsDNA. Next, 'dA tailing' is performed at the 3ʹ end of the dsDNA, followed by adaptor ligation. The ligated product is amplified by PCR with high-fidelity DNA polymerase and a barcode-containing primer. DNA fragments in the size range of 140-350 bp are gel-selected and purified for quantification by a Qubit fluorometer, followed by deep sequencing on a standard Illumina sequencer.
Although the R-ChIP procedure presented above is related to many aspects of standard ChIP-seq, it has several unique features: (i) the establishment of a set of mutant RNASEH1-expressing cell lines, in which the cell line expressing the WKKD mutant provides a critical negative control for R-loop peak calling; (ii) construction of the library by using a unidirectional strategy for adaptor ligation and signal amplification, thus preserving the strand information of the sequencing reads; and (iii) performance of a bioinformatics analysis of the resulting sequencing data by first confirming the strand specificity and then performing peak calling by using the background information from input or WKKD mutant control DNA.
PROTOCOL NATURE PROTOCOLS
Comparison with other sequencing-based methods Early efforts used indirect footprint approaches to locate R-loop-forming regions. In principle, singlestranded DNA (ssDNA) in the R-loop structure can be modified at cytosine residues by bisulfite under non-denaturing conditions, and several early studies thus combined bisulfite conversion and Sanger sequencing to map R-loops at specific genomic loci of interest 17, 28, 40 . DNA/RNA immunoprecipitation sequencing (DRIP-seq) is the first and most widely used technique developed for genome-wide capture of R-loops by using fragmented chromatin for IP with S9.6 antibody, followed by sequencing of the recovered R-loop-containing DNA fragments 8 . Similar approaches have been applied to multiple biological systems, including yeast 3 , plants 38 and mammals 41 . To further improve the resolution and robustness of DRIP-seq, a number of strategies have been developed to sequence RNA 2, 41 or template DNA 38 in S9.6-captured material. Other efforts to increase the resolution, specificity or sensitivity of DRIP-seq-based approaches have also been made through combining DRIP with bisulfite footprinting to identify R-loop-associated ssDNA (bisDRIPseq) 42 , or via S1 nuclease digestion to remove non-template ssDNA in R-loop regions before sonication in order to prevent its re-annealing back to template DNA during IP (S1-DRIP-seq) 3 . It remains unclear to what extent sonication may disrupt fragile R-loops, especially with unfixed cells 43, 44 . DRIP-seq and its derivatives rely on the specificity of the S9.6 antibody, which has been recently questioned [44] [45] [46] . S9.6 predominantly recognizes RNA-DNA hybrids in a sequence-independent manner. However, it also binds dsRNA with a lower affinity than RNA-DNA hybrids 47 , leading to substantial false-positive signals 44, 46 . This is because nascent RNA transcripts, part of which may be folded into dsRNA, are known to extensively associate with transcribing DNA in the nucleus 48, 49 , and thus, such chromatin-tethered RNAs would give rise to false-positive signals. A key control in both DRIP-seq and DRIPc-seq is the treatment of the same sample before IP with purified bacterial RNase antibody-conjugated beads. e, Beads are washed to remove nonspecifically bound chromatin fragments. f, RNA-DNA hybrids are recovered by reversal of cross-linking and purification. g, RNA-DNA hybrids are denatured, and the resultant ssDNA is converted into dsDNA by extension with a primer containing a 9-nt random sequence at the 3ʹ end. dA is added to the 3ʹ end of the extension product, followed by adaptor ligation (shown in cyan) to only one end, as the other end is blocked by the 5ʹ overhang generated by the N9 primer. PCR amplification is then performed for library construction. h, Single-end sequencing is performed and the results are analyzed. dA, deoxyadenosine triphosphate; HBD, RNA-DNA hybrid binding domain; HC, RNA-DNA hybrid catalytic domain; LR, linker region; NLS, nuclear localization signal; RNAPII, RNA polymerase II; ssDNA, single-stranded DNA; V5, V5 tag.
H, to digest RNA within R-loops 2, 8 . However, caution must be taken in interpreting data from such 'control'. Owing to biased restriction digestion of DNA or insufficient RNA fragmentation, DRIP-seq and DRIPc-seq may capture not only R-loops, but also their associated DNA and RNA fragments 43 . In DRIPc-seq, for example, a portion of an RNA may be engaged in R-loop formation, whereas other parts of the RNA remain as unengaged RNA that contains both single-and double-stranded regions. Once the anchor in the R-loop is removed by RNase H treatment, all associated RNA would be lost. Therefore, it would be difficult to conclude that all RNase H-sensitive signals correspond exactly to the R-loop formation regions. The S9.6 antibody may also capture any dsRNA or dsRNA-containing RNA anchored to DNA via triplex formation [50] [51] [52] [53] [54] [55] or other unknown mechanisms. This is supported by a recent report showing that DRIPc-seq detects a substantial fraction of RNase H-resistant signals that are instead sensitive to a dsRNA-specific endoribonuclease (RNase III) in yeast 46 . In contrast to S9.6, which has only a fivefold higher affinity for RNA-DNA hybrids than for dsRNA 47 , RNASEH1 encoded in mammalian genomes has an affinity for RNA-DNA hybrids 25-fold and 100-fold higher than for dsRNA and dsDNA, respectively 56 . Therefore, in theory, it can be used as an alternative way to capture R-loops, which may help address various controversies related to R-loops detected by S9.6-based methods 43, 44 . Indeed, DRIVE-seq was initially developed on the basis of such a principle by using purified catalytically inactive but binding-competent RNASEH1; however, DRIVE-seq appears quite inefficient in recovering RNA-DNA hybrids in vitro, as compared with DRIP-seq 8 . The low efficiency in the in vitro capture experiment might be due to suboptimal experimental conditions, or alternatively, to the possibility that RNASEH1 might be more efficient in targeting R-loops inside cells through functional interactions with various cofactors 57 ; therefore, such mutant RNASEH1 can be used for robustly capturing R-loops in vivo instead of in vitro [58] [59] [60] . On the basis of this reasoning, we developed R-ChIP by using binding competent but catalytically inactive RNASEH1 under in vivo conditions. By cell fixation followed by sonication, as in a standard ChIP protocol, R-ChIP preserves R-loop confirmations formed in vivo, provides signals with high resolution and demonstrates a striking strand specificity of the signal 4, 33 . A thorough comparison of R-ChIP and S9.6-based methods, including DRIP-seq, DRIPc-seq and RDIP-seq, has been performed as reported 4 . R-ChIP-mapped R-loops showed high resolution and accordance with all known sequence features of R-loop-forming regions, suggesting improved accuracy and specificity. Although both R-ChIP and S9.6-based methods revealed enrichment of R-loops at transcription start sites (TSSs), the major discrepancy is highly enriched signals in both gene bodies and transcription termination sites (TTSs) detected by S9.6-based methods, but not by R-ChIP. The theoretical basis for such discrepancy is currently unknown. A formal possibility is that R-ChIP captures the action sites of RNASEH1 in the genome, but not in other regions, such as gene bodies and gene ends.
Because of the major discrepancy between the existing R-loop mapping methods, it is important to develop technologies independent of S9.6 or RNASEH1. The problem is that, currently, there is no 'gold standard' for detecting R-loops. The recently developed bisDRIP-seq technology combines S9.6 capture with bisulfite sequencing 42 , which is appealing on the basis of the principle of its experimental design. Probably because of the noisy nature of the data, the authors had mainly used ensemble data for analysis after combining multiple independently generated libraries. We used the same ensemble bisDRIP-seq data to compare with the signals captured by R-ChIP versus those detected by DRIP-seq and DRIPc-seq. On the basis of the meta-gene analysis, both R-ChIP and bisDRIP-seq detected Rloops at TSSs, but few in gene bodies or ends, which is in contrast to strong signals detected by both DRIP-seq and DRIPc-seq (Fig. 2a) . A high consistency between R-ChIP and bisDRIP-seq is further illustrated by compiling bisDRIP-seq signals on mapped genomic regions with different methods, showing that the bisDRIP-seq signals are highly enriched at the peak regions detected by R-ChIP, but not by DRIPc-seq and DRIP-seq (Fig. 2b) . On specific gene examples, such as NEAT1, a broadly expressed long noncoding RNA, R-loop signals were detected by all four methods, but the signals detected by both R-ChIP and bisDRIP-seq were narrowly enriched near its TSS, whereas much broader signals were detected by both DRIP-seq and DRIPc-seq (Fig. 2c, top left) . For DNTTIP1, signals in a broad region of the gene body were detected by DRIPc-seq and less so by DRIP-seq, but no specific signal was detected by either R-ChIP or bisDRIP-seq (Fig. 2c, top right) . By contrast, for RPPH1 and HIST1H2BG, the two gene loci previously documented by bisDRIP-seq, R-ChIP, but not DRIPc-seq or DRIP-seq, showed the same signals as bisDRIP-seq (Fig. 2c, bottom panels) . Together, these comparisons suggest a high degree of agreement between R-ChIP and bisDRIP-seq.
Despite various theoretical considerations and comparisons among the existing data, we believe that it is premature to suggest which method is more accurate than another at this point, which clearly requires further investigation. It is entirely possible that different approaches may query distinct aspects of R-loops. Here, we focus on describing the advantages, potential limitations and future improvements of R-ChIP in detail in order to enable future users to explore this alternative R-loop mapping method.
Advantages of R-ChIP
High specificity for capturing R-loops in vivo RNASEH1 is a conserved endonuclease that specifically recognizes RNA-DNA hybrids and has been previously used to detect R-loops at specific genomic loci [58] [59] [60] . By comparing the sequencing data from R-ChIP performed with RNASEH1 containing a point mutation in the catalytic site (D210N) with those from R-ChIP performed with RNASEH1 carrying additional mutations in its nucleic acid binding domain (WKKD), we further confirmed that almost all captured R-loop sites are RNASEH1 binding domain dependent 4 , indicating a high specificity of this strategy. Furthermore, unlike the majority of S9.6-based methods, the R-ChIP procedure includes a cell-fixation step, by which the native state of the R-loop configuration is stabilized during the IP step. , DRIPc-seq 2 and DRIPseq 15 at the ±4-kb region of TSS and TTS, respectively. Note that y-axis units are different for individual methods. R-loop signals are measured in terms of reads per million (RPM) per base by R-ChIP, DRIPc-seq and DRIP-seq, or the difference between template and non-template strand bisDRIP-seq scores by bisDRIP-seq 42 . bisDRIP-seq signals above or below 0 indicate the existence of R-loops on the forward or reverse strand. For R-ChIP and DRIPc-seq, solid and dotted lines represent potential R-loop signals from the forward and reverse strands, respectively. b, bisDRIP-seq R-loop signals at peak regions defined by R-ChIP, DRIPc-seq (DRIPc) and DRIP-seq (DRIP) data. c, Signals detected by R-ChIP (purple for K562 cells and blue for HEK293T cells), bisDRIP-seq, DRIPc-seq and DRIP-seq at representative genomic loci. Regions with consistent signal profiles between R-ChIP and bisDRIP-seq are highlighted by red rectangles, whereas those detected only by DRIP-seq or DRIPc-seq are highlighted by green rectangles. TSS, transcription start site; TTS, transcription termination site.
R-loop mapping with high resolution For DRIP-seq and most of its derivatives, genomic DNA is fragmented by restriction digestion, which limits their resolution (around a few kilobases for DRIP-seq and DRIPc-seq) 2, 43 . By contrast, the resolution of R-ChIP depends on the fragment size after sonication, as in standard ChIP-seq, resulting in an average size of mapped R-loop peaks~200-300 bp, comparable with the R-loop size range directly visualized by electron microscopy 10 . Such high resolution greatly helps to locate actual R-loop-forming sites and to reveal critical sequence features associated with R-loop formation relative to surrounding epigenetic modification events, as we demonstrated 4, 33 .
Strand information
We have taken advantage of the hybrid composition of R-loops by selectively amplifying the DNA moiety in RNA-DNA hybrids, thus preserving the strand information of the sequencing reads. We noted that sequencing either the RNA or the DNA strand of the RNA-DNA hybrid has been recently implemented in DRIPc-seq 2 and ssDRIP-seq 38 . Such strand specificity is critical for judging library quality, especially in various genomic regions where DNA is transcribed in both directions. This strand specificity also helps reveal a precise spatial relationship of an R-loop with certain strandspecific features (e.g., G-quadruplexes), most of which reside at the 5ʹ end of R-loops on the nontemplate strand.
Limitations of R-ChIP
Expression of an exogenous RNASEH1 R-ChIP requires engineered expression of a catalytically dead RNASEH1 in the cells of interest. Establishing such a cell line is time consuming and limits the application of R-ChIP for certain systems, especially when working with tissues or animals. In addition, although we did not notice any phenotypical defects, such as cell cycle arrest and cell death, for the cell lines we have studied, it is conceivable that the mutant RNASEH1 may compete with endogenous enzymes or other proteins for binding to RNA-DNA hybrids. One particular concern is the potential stabilization of R-loops by exogenously expressed RNASEH1. However, this may provide an opportunity for capturing some labile R-loops.
Potentially incomplete R-loop map
Although RNASEH1 is supposed to specifically target R-loops in vivo, we cannot rule out the possibility that this enzyme binds only a subset of R-loops in the genome. To date, a number of proteins involved in the regulation of R-loop dynamics have been reported 21, 23, 25 , some of which may have functions complementary to those of RNASEH1 in resolving R-loops. Second, as for all ChIPbased methods, it is also possible that certain R-loop-forming regions may not be fully accessible to exogenous RNASEH1 due to binding competition with other factors or the formation of certain DNA/chromatin structures in vivo. Future efforts in developing alternative R-loop mapping technologies may help test these possibilities and address this and other potential limitations of R-ChIP.
Lack of differentiation between R-loops and other types of RNA-DNA hybrids RNA-DNA hybrids are known to accompany transcription, as well as DNA replication and repair. As both RNASEH1 and S9.6 recognize RNA-DNA hybrids instead of the whole R-loop structure, none of the R-loop-mapping methods to date can differentiate R-loops from other types of RNA-DNA hybrids. Interestingly, we noted during re-analysis of the bisDRIP-seq data that bisDRIP-seq detects numerous signals in intergenic regions that do not correspond to annotated transcription regions, and more importantly, those bisDRIP-seq signals lack strand specificity, implying that such signals might reflect RNA-DNA hybrids associated with DNA replication, an intriguing possibility to be further investigated in future studies.
Future improvements
So far, the R-ChIP protocol has been applied to several human cell lines to generate genome-wide R-loop maps. We expect to see its potential applications to other cell types or tissues from transgenic animals. To avoid the potential side effects of a constitutively expressed mutant RNASEH1, it may be necessary to express the mutant in an inducible system, so that its expression can be transiently induced before performing R-ChIP. The induced level of RNASEH1 can also be titrated in order to achieve efficient R-loop capture without eliciting any molecular interference due to overexpression.
The resolution of R-ChIP may be further increased by including a nuclease digestion step, as shown for ChIP-exo 61 . During deep sequencing, we currently use single-read sequencing to read 40 nt from one end of the library, and the sequencing reads must be computationally extended to the size of the averaged DNA fragments in the library. Paired-end sequencing is clearly advantageous in reading the sequences that cover the actual regions bound by the mutant RNASEH1. It may also be important to test a variation of R-ChIP by sequencing recovered RNA instead of DNA, which may further improve the resolution of the R-ChIP technology.
It is unclear to what extent R-ChIP has missed real R-loop signals. Similar to recent coupling between DRIP-seq and bisulfite sequencing 42 , it may be interesting to couple R-ChIP with bisulfite sequencing at two levels. The first would be to perform bisulfite sequencing on captured R-loops, which will score information on both strands (the template strand by R-ChIP and the non-template strand by bisulfite sequencing) for comparison. Second, it may be important to perform genome-scale bisulfite sequencing to identify all exposed single-stranded regions in an undenatured condition. The results can then be compared with R-ChIP-captured R-loops, which may help differentiate between transcription-induced RNA-DNA hybrids and those associated with DNA replication.
Like ChIP-seq 62 , R-ChIP can be further developed to a single-cell level and/or to generate quantitative information in the future, which will be critical for studying the functional relationship between R-loop formation and dynamics and gene expression.
Experimental design

Establishment of stable cell lines expressing an exogenous V5-tagged RNASEH1
To generate a stable cell line expressing the mutant RNASEH1 (D210N), we previously cloned the mutant RNASEH1-coding region into the pPyCAG expression vector. We also replaced the N-terminal mitochondrial localization signal with a nuclear localization signal sequence and fused a V5 tag at the C terminus 4 . Next, we transfected HEK293T or K562 cells with the vector and selected for stable cell lines expressing the mutant RNASEH1 with hygromycin B. No clonal selection was performed, which could be done if preferred. Because the vector contains a strong CAG promoter, the expression level of an exogenous RNASEH1 is much higher than that of its endogenous counterpart 33 . However, on the basis of cell counting, cell cycle profiling and assay for apoptosis, we detected no obvious cellular defects in any of our selected stable cell lines in comparison with parental cells. Other expression vectors, such as lentiviral-or retroviral-based gene expression systems, might be optimal for certain cell types that are difficult to transfect.
When seeding cells for R-ChIP, we usually estimate the initial cell number and growth rate in order to reach 70-80% cell confluence on the day of the experiment. One day before harvesting, we change the medium once to maintain active cell growth. For a single R-ChIP experiment, we typically use 5 × 10 6 -10 7 cells to obtain sufficient IPed DNA for library construction. To obtain statistically meaningful results, we normally generate libraries from two to three replicates of R-ChIP, each with a control library generated from conresponding input DNA, and use comparable numbers of sequencing reads from these libraries for data analysis.
Preparation of V5 antibody-conjugated beads
Conjugation of the antibody targeting the V5 tag with magnetic beads is performed before harvesting the cells (see the 'Reagents' section for further information on antibody bead preparation). The conjugated antibody beads have been tested for IP efficiency and then for R-ChIP-enriched signals on several known promoters by qPCR. We previously tested two types of magnetic beads from Thermo Fisher, Pierce Protein A/G beads and Dynabeads Protein A/Protein G, and found both suitable for generating highly reproducible results. Conjugation was usually performed overnight at 4°C. We found that 2.5-3 μg of V5 antibody per IP is typically enough to pull down 5-10 ng of chromatin fragments for library preparation, although such yield may vary due to cell-type differences and antibody efficiency, and thus, the antibody amount and cell number may need to be optimized in a specific experimental setting.
Cross-linking and cell lysis Fresh 1% (vol/vol) formaldehyde is recommended for cross-linking the cells. As RNASEH1 directly binds to RNA-DNA hybrids, 10 min of fixation at room temperature (20-25°C) is sufficient for the formation of the protein-chromatin complex for HEK293T (adherent) and K562 (suspension) cells. The best fixation timing must be empircally determined for individual cell types.
Sonication
As in regular ChIP experiments, sonication is one of the most critical steps for R-ChIP. To obtain good enrichment and resolution, sufficient chromatin shearing is required, yet overheating during sonication could result in reversal of cross-linking and disruption of protein complexes. We use a probe sonicator for shearing the chromatin. Using 500 μl of nuclear lysate in a 1.5-ml LoBind tube, we immerse the bottom part of the tube in ice water and sonicate the lysate for 10 s, followed by recovery for 1 min on ice per sonication cycle. According to our experience, seven to eight rounds of sonication are sufficient to shear chromatin into 100-to 600-bp fragments in our sonication setting (see also Fig. 3a) . As many variables, such as cell type and number, and different sonication systems, may markedly affect the sonication efficiency, a pilot test to find the best sonication conditions is strongly recommended.
ChIP
Thorough wash of magnetic beads greatly reduces background noise. When processing a large number of samples, we usually divide them into a few groups; samples used for direct comparison are put in the same group (four to six samples per group), such that long incubation time with high-salt buffer and experimental variations can be minimized for samples in the same group. Out of all genes with R-loops detected within ±1 kb of the TSS region (false-discovery rate <0.01; signal enrichment >5-fold), the percentages of three groups of genes are shown, for which R-loops are identified in the same, opposite or both directions of transcriptional activity. f, Snapshots of three representative R-loop-containing genomic loci corresponding to the three gene groups in e. R-ChIP (D210N) and control (WKKD), as well as GRO-seq signals, are displayed for HEK293T (ref. 4 ) and K562 (ref. 68 ) cell lines.
Quality assessment of IPed RNA-DNA hybrids To ensure ChIP enrichment quality and reproducibility, we suggest preparing two to three biological replicates and making aliquots of a small amount of purified DNA for a qPCR test before library construction. In addition, in order to more specifically assess signal enrichment, purified ChIPed DNA from cells expressing the RNASEH1 (WKKD) mutant may be included for comparison, although this type of control may not be needed in every experiment. The results are calculated and shown as the percentage of input (Fig. 3b) . The relative enrichment can be evaluated as the fold change by comparing the signals from R-loop-positive regions, such as some TSS regions of highly expressed genes with high GC content and GC skew, with those from control regions, such as intergenic regions close to the selected positive regions.
Library construction and sequencing
We recommend measuring the concentration of the recovered DNA and using a similar amount of DNA from each sample for library construction. Input samples usually yield a large amount of DNA (4-8 μg). We usually use 5-10 ng for library construction. A primer with a 9-nt random sequence at its 3ʹ end for random seeding on the DNA moiety of RNA-DNA hybrids is used to generate dsDNA with a 5ʹ overhang. Phi29 DNA polymerase is chosen for primer extension because of its exceptional processivity and strand displacement activity. Other DNA polymerases with similar features, for example, DNA polymerase I, large (Klenow) fragment, may be used for primer extension as well. We recommend running a test PCR to choose the lowest number of PCR cycles at which bright smear signals can be seen in a 2% (wt/vol) agarose gel (see also Fig. 3c ; 16 cycles is chosen in this case). To ensure high complexity and avoid excessive PCR duplication, it is essential to start with a sufficient amount of ChIPed DNA for library construction and keep the number of PCR cycles as low as possible (normally ≤18).
We previously sequenced R-ChIP libraries by using the single-end mode, and the read length is 40 nt on a standard Illumina sequencer (i.e., HiSeq 2500). At least 15-20 million uniquely mapped reads for each replicate of human cell lines (30-40 million after combining two replicates) are minimally required for peak calling and downstream data analysis. We also suggest obtaining similar or more sequencing reads for the corresponding input DNA in order to provide sufficient coverage of background signals for enrichment analysis.
Data analysis R-ChIP is designed to sequence the 5ʹ end of the template strand DNA (Fig. 1h) , thus making the data analysis different from that of typical ChIP-seq. Uniquely mapped reads after removing PCR duplicates should first be separated on the basis of their strand information. The reads also must be extended to the average size of gel-isolated DNA fragments to better pinpoint the location of individual R-loop regions, as the original mapped reads cannot represent the actual length of each recovered fragment. We use MACS v.2 software 63 to identify R-loop-forming regions by separately using sequencing reads from the Watson or Crick strand in comparison with either the WKKD or the input library. If each biological replicate is sequenced with sufficient depth, we recommend calling robust peaks by irreproducible discovery rate methodology, developed by the ENCODE consortium 64, 65 , or by counting common peaks of all replicates. Alternatively, if a high reproducibility (e.g., R ≥ 0.8) is seen, we usually combine data from all replicates to obtain a conservative set of Rloop peaks by using a stringent cutoff, e.g., fold change ≥5 and a q value ≤0.01. Usually, the average peak size is~200 bp (Fig. 3d) . Note that R-loop signals in the antisense direction with regard to the annotated genes are prevalent at promoter regions (Fig. 3e) , possibly due to divergent transcription. The strand specificity offered by R-ChIP technology could faithfully assign these R-loops to where they originated, which is further supported by corresponding nascent RNA transcription from global nuclear run-on sequencing (GRO-seq) data (Fig. 3f) .
Materials Biological materials
• HEK293T cells (a gift from S. Dowdy, University of California, San Diego) • K562 cells (ATCC, cat. no. CCL-243) ! CAUTION The cell lines used should be regularly checked to ensure that they are authentic and are not infected with mycoplasma. (http://hannonlab.cshl.edu/nxCode/nxCode/main.html) useful for barcode sequence design. All oligonucleotides can be dissolved in H2O at a stock concentration of 10 μM and stored for at least 1 year at −80°C.
• Refrigerated microcentrifuge (Eppendorf, model no. 
Reagent setup
Bead wash buffer To prepare 50 ml of bead wash buffer, add 1 ml of 1 M Tris-Cl, pH 8.0, 1.5 ml of 5 M NaCl, 0.2 ml of 0.5 M EDTA, pH 8.0, and 5 ml of 10% (vol/vol) Triton X-100 to 42.3 ml of molecular-grade H 2 O and filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 6 months.
Antibody-binding buffer
To prepare 50 ml of antibody-binding buffer, dissolve 0.25 g of BSA in 45 ml of PBS and adjust the volume to 50 ml. Filter-sterilize using a 0.22-μm filter unit. This stock solution is stable at 4°C for up to 3 months.
Bead blocking buffer
To prepare1 ml of bead blocking buffer, add 10 μl of 20 mg/ml glycogen and 40 μl of antibody-binding buffer to 1 ml of PBS. Prepare fresh before use.
M glycine
To prepare 250 ml of 1.375 M glycine, dissolve 25.8 g of glycine in 220 ml of molecular-grade H 2 O and adjust the volume to 250 ml. Filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 12 months.
Cell lysis buffer
To prepare 50 ml of cell lysis buffer, add 0.5 ml of 1 M Tris-Cl, pH 8.0, 0.1 ml of 5 M NaCl and 2.5 ml of 10% (vol/vol) Igepal CA-630 to 46.9 ml of molecular-grade H 2 O and filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 6 months.
20% (wt/vol) SDS solution
To prepare 50 ml of 20% (wt/vol) SDS solution, dissolve 10 g of SDS in 40 ml of molecular-grade H 2 O. Heat at 60°C in a laboratory water bath to facilitate dissolving. Adjust the volume to 50 ml. This stock solution is stable at room temperature for up to 6 months. ! CAUTION SDS is a strong denaturant and irritant. Wear a mask when weighing SDS and clean the area after weighing, as the powder disperses easily.
Nuclear lysis buffer
To prepare 50 ml of nuclear lysis buffer, add 2.5 ml of 1 M Tris-Cl, pH 8.0, 1 ml of 0.5 M EDTA, pH 8.0, and 2.5 ml of 20% (wt/vol) SDS to 44 ml of molecular-grade H 2 O; then filter-sterilize using a 0.22-μm filter unit. Store at room temperature for up to 6 months.
TE buffer
To prepare 50 ml of TE buffer, add 0.5 ml of 1 M Tris-Cl, pH 8.0, and 0.1 ml of 0.5 M EDTA, pH 8.0, to 49.4 ml of molecular-grade H 2 O and filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 6 months.
M NaCl
To prepare 100 ml of 5 M NaCl, dissolve 29.22 g of NaCl in 90 ml of molecular-grade H 2 O and adjust the volume to 100 ml. Filter-sterilize using a 0.22-μm filter unit and store at room temperature for up to 12 months.
M LiCl
To prepare 100 ml of 2.5 M LiCl, dissolve 10.6 g of LiCl in 90 ml of molecular-grade H 2 O and adjust the volume to 100 ml. Filter-sterilize using a 0.22-μm filter unit and store at room temperature for up to 12 months.
10% (wt/vol) Sodium deoxycholate solution
To prepare 100 ml of 10% (wt/vol) sodium deoxycholate solution, dissolve 10 g of sodium deoxycholate in 90 ml of molecular-grade H 2 O and heat at 60°C in a laboratory water bath to facilitate dissolving. Adjust the volume to 100 ml. Filter-sterilize, using a 0.22-μm filter unit, and store at room temperature for up to 12 months.
c CRITICAL This solution should be protected from light.
Wash buffer I
To prepare 50 ml of wash buffer I, add 1 ml of 1 M Tris-Cl, pH 8.0, 0.2 ml of 0.5 M EDTA, pH 8.0, 5 ml of 10% (vol/vol) Triton X-100, 0.25 ml of 20% (wt/vol) SDS and 1.5 ml of 5 M NaCl to 42.05 ml of molecular-grade H 2 O; then filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 6 months.
Wash buffer II
To prepare 50 ml of wash buffer II, add 1 ml of 1 M Tris-Cl, pH 8.0, 0.2 ml of 0.5 M EDTA, pH 8.0, 5 ml of 10% (vol/vol) Triton X-100, 0.25 ml of 20% (wt/vol) SDS and 5 ml of 5 M NaCl to 38.55 ml of molecular-grade H 2 O; then filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 6 months.
Wash buffer III
To prepare 50 ml of wash buffer III, add 0.5 ml of 1 M Tris-Cl, pH 8.0, 0.1 ml of 0.5 M EDTA, pH 8.0, 5 ml of 10% (vol/vol) Igepal CA-630, 5 ml of 2.5 M LiCl and 5 ml of 10% (wt/vol) sodium deoxycholate to 34.4 ml of molecular-grade H 2 O; then filter-sterilize using a 0.22-μm filter unit. Store at 4°C for up to 6 months.
Elution buffer
To prepare 50 ml of elution buffer, add 0.5 ml of 1 M Tris-Cl, pH 8.0, 0.1 ml of 0.5 M EDTA, pH 8.0, and 2.5 ml of 20% (wt/vol) SDS to 46.9 ml of molecular-grade H 2 O and filter-sterilize using a 0.22-μm filter unit. Store at room temperature for up to 6 months.
1× Annealing buffer
To prepare 50 ml of 1× annealing buffer, add 0.5 ml of 1 M Tris-Cl, pH 8.0, 0.5 ml of 5 M NaCl and 0.1 ml of 0.5 M EDTA to 48.9 ml of molecular-grade H 2 O; then filter-sterilize using a 0.22-μm filter unit. Store at room temperature for up to 12 months.
70% (vol/vol) Ethanol
To prepare 50 ml of 70% (vol/vol) ethanol, add 15 ml of pure ethanol to 35 Bead preparation • Timing~3 h hands-on plus overnight incubation 6 The day before harvesting the cells, wash protein A/G beads in a 1.5-ml LoBind tube with 1 ml of bead wash buffer by gentle pipetting or vortexing for 15 s (25 μl of slurry per sample, maximal 100 μl of slurry for four samples in one tube). c CRITICAL STEP Do not centrifuge at high speed, or dry or freeze the magnetic beads, as these operations will result in aggregation of beads, thus reducing their binding ability. Wash up to 100 μl of protein A/G beads per tube (for four R-ChIP experiments). 7 Place the tube into a magnetic separator for 15-20 s, then remove and discard the supernatant.
Repeat Steps 6 and 7 twice for a total of three washes. 8 Add 1 ml of bead blocking buffer and incubate the beads for 1 h at room temperature on a rotating platform. 9 Wash the beads with 1 ml of antibody-binding buffer, as described in Steps 6 and 7, for three times. 10 Resuspend the beads with 1 ml of antibody-binding buffer on ice, add an appropriate amount of anti-V5-tag antibody to the buffer and mix well (2.5 μg of antibody per 25 μl of beads; refer to Step 6).
11 Incubate the antibody-bead mixture overnight at 4°C on a rotating platform until use (4 h of incubation is the minimum recommended if shortening the experimental time is preferred).
Cross-linking and harvesting the cells • Timing 1-2 h
12 For adherent cells (e.g., HEK293T), aspirate and discard the medium from the culture dish and wash the cells twice with 10 ml of cold PBS on ice. Then add 10 ml of PBS to the culture dish. For suspension cells (e.g., K562), count the cells with a hemocytometer and transfer 0.5-1.5 × 10 7 cells to a 50-ml conical tube, spin at 300g for 5 min at 4°C and aspirate the supernatant. Wash the cells twice with 10 ml of cold PBS and then resuspend the cells in 10 ml of PBS by pipetting gently. 13 Add 270 μl of 37% (vol/vol) formaldehyde directly to the culture dish (HEK293T cells) or a conical tube (K562 cells) from
Step 12 to obtain a final concentration of 1% (vol/vol) formaldehyde. Incubate the cells for 10 min at room temperature on a rotating platform. c CRITICAL STEP To prevent chromatin overfixation, do not fix the cells with a concentration of formaldehyde higher than 1% (vol/vol) and do not cross-link the cells for more than 20 min. 14 To quench the formaldehyde, add 1 ml of 1.375 M glycine to the cells from Step 13 to a final concentration of 0.125 M and incubate the mixture on a rotating platform for 15 min at room temperature. 15 Aspirate and discard the supernatant for adherent cells. For suspension cells, spin down fixed cells at 600g for 5 min at 4°C before aspirating and discarding the supernatant. 16 Wash fixed adherent cells three times with 10 ml of cold PBS and add 1 ml of cold PBS to the culture dish. For suspension cells, wash the cells with 10 ml of cold PBS and spin at 600g for 5 min at 4°C. Aspirate the supernatant and repeat for a total of three washes. Aspirate the supernatant and resuspend the cells in 1 ml of cold PBS. c CRITICAL STEP After completing this step, handle the samples on ice and use ice-cold buffers. 17 For adherent cells, scrape the cells off the plate, using a cell scraper, and transfer them to a 1.5-ml LoBind tube. For suspension cells, directly transfer cold PBS with cells to a new 1.5-ml LoBind tube. 18 Centrifuge at 600g for 5 min at 4°C. Aspirate and discard the supernatant. j PAUSE POINT The cell pellet can be stored for 1-2 weeks at -80°C.
Nuclei isolation • Timing 1-1.5 h
19 Prepare the cell lysis buffer with 1× protease inhibitor cocktail (10 μl of 100× protease inhibitor cocktail per ml of cell lysis buffer, final concentration) and RiboLock RNase inhibitor (1 μl/ml final concentration) before use. 2 ml of cell lysis buffer is needed for one sample. 20 Resuspend the cell pellet from Step 18 in 1 ml of cell lysis buffer and mix well by pipetting several times. 21 Incubate the cell suspension for 15 min on ice with gentle inversion of the tube every 2-3 min. 22 Spin at 700g for 5 min at 4°C and discard the supernatant. 23 Resuspend the pellet with 1 ml of cell lysis buffer and repeat Step 22. 24 Prepare an appropriate volume of nuclear lysis buffer (0.5 ml of buffer per sample) with 1× protease inhibitor cocktail and RiboLock RNase inhibitor (refer to Step 19) . 25 Resuspend the pellet from Step 23 with 0.5 ml of nuclear lysis buffer by gentle pipetting or vortexing and then incubate the nuclear suspension for 10 min on ice.
Sonication and mixing of sheared chromatin with beads • Timing 3-4 h hands-on plus overnight incubation
26 Sonicate the nuclear suspension for seven cycles. In each cycle, sonicate for 10 s, followed by resting for 1 min on ice. Keep the remaining samples on ice. We usually process six to eight samples at the same time. 27 To evaluate the chromatin shearing efficiency, add 10 μl of the nuclear suspension from Step 26 to a new 1.5-ml tube. Add 90 μl of TE buffer and 1 μl of RNase A and incubate on a ThermoMixer for 1 h at 37°C with agitation (alternating between rotating at 1,200 r.p.m. for 30 s and resting for 2 min). Add 1 μl of proteinase K to the tube and continue incubating with the same agitation settings for 2 h at 65°C. Extract the DNA by following Steps 50-57 or by using a DNA purification kit. Resolve the extracted DNA (50-100 ng) on a 2% (wt/vol) agarose gel in 1× TAE buffer by electrophoresis. Properly sheared chromatin fractions should have a size range between 100 and 600 bp. c CRITICAL STEP Sonication is one of the most critical steps for generating a high-quality R-ChIP library. Optimizing the sonication conditions by pilot experiments is highly recommended when working with a new cell type. ? TROUBLESHOOTING j PAUSE POINT Sheared chromatin can be stored for up to 1 week at −80°C, but immediate processing is preferable. 28 Keep the tubes for 30-60 min on ice until the SDS has precipitated and the chromatin suspension becomes cloudy. 29 Spin at 16,000g for 10 min at 4°C and then transfer the supernatant containing sheared chromatin to a new 1.5-ml LoBind tube. c CRITICAL STEP Steps 28 and 29 serve to reduce the concentration of SDS in the buffer, which may facilitate antibody binding to the exogenously expressed V5-tagged RNASEH1. 30 Add the following reagents to bring the volume to 1.3 ml: 644 μl of TE buffer, 130 μl of 10% (vol/ vol) Triton X-100, 13 μl of 10% (wt/vol) sodium deoxycholate, 13 μl of 100× proteinase inhibitor cocktail and 0.5 μl of RiboLock RNase inhibitor. Mix well by gentle vortexing. 31 Add 65 μl of the chromatin suspension to a new 1.5-ml tube as the input chromatin fraction and store it overnight at −20°C for Step 44. Take 50 μl of the chromatin suspension as the input for testing the IP efficiency at Step 43 by western blot; this can be stored for 1 week at −80°C. 32 Transfer the buffer containing antibody-conjugated beads from Step 11 to 1.5-ml tubes, adding 25 μl of the original bead slurry per tube. Place the bead-containing tubes in a magnetic separator and wait until all the beads attach to the side of the tube wall close to the magnetic separator (15-20 s). Remove and discard the buffer. Add 1.2 ml of chromatin suspension from Step 31 to the tube containing the antibody-conjugated beads. 33 Incubate the tube on a tube roller overnight at 4°C.
Washing the beads and elution of the IPed DNA • Timing 3-3.5 h 34 Prepare aliquots of an appropriate volume of wash buffers I, II and III with 0.1× protease inhibitor cocktail before use. c CRITICAL STEP To reduce experimental variation, we recommend handling up to six to eight samples for washing at a time. If there are more samples to process, divide them into several groups. Process samples used for direct comparison in one group at a time, following Steps 35-40. 35 To wash the beads, place the tube in a magnetic separator and wait until all the beads attach to the side of the tube wall close to the magnetic separator. Aspirate the supernatant carefully. Add 1 ml of wash buffer I and remove the tube from the magnetic separator. Mix the beads and buffer well by gentle pipetting several times and then continue to incubate the tube on a tube roller for 3 min at 4°C. 36 Place the tube in a magnetic separator and remove the wash buffer once the beads have attached to the side of the tube. Repeat Steps 35 and 36 three times. 37 Wash the beads three times as described in Steps 35 and 36, using wash buffer II (1 ml per tube each time). 38 Wash the beads once as described in Steps 35 and 36, using 1 ml of wash buffer III. 39 Wash the beads once as described in Steps 35 and 36, using 1 ml of TE buffer. 40 Spin at 1,400g for 1 min at 4°C and aspirate residual TE buffer. 41 Add 170 μl of elution buffer and pipette briefly to resuspend the beads. (Fig. 3b) 
4
. Perform qPCR with 1 μl of IPed DNA in a 10-μl reaction mixture with FastStart Universal SYBR Green Master in one well of a 96-well plate, using the qPCR program listed below. For each DNA sample, perform qPCR in three or four technical replicates. The results are calculated as percentage of input, and relative enrichment is evaluated by comparing R-ChIP signals at the expected R-loop-forming region at TSS with those of the terminator region of the same gene as the control (see Table 1 for primer sequences used for Fig. 3b) . If the qPCR results indicate successful R-ChIP enrichment of select genes, proceed to Step 61.
Step Adaptor preparation and ligation • Timing~3 h 68 To prepare the adaptor for ligation, separately dissolve oligo A and oligo B (see Table 1 for their sequences) in 1× annealing buffer, making the final concentration 40 μM. 69 Mix the oligo A and oligo B solutions in a 1:1 molar ratio (30 μl of each oligo) in a 0.2-ml PCR tube to anneal the adaptors. Place the mixture on a thermal cycler with the following program: 2 min at 95°C, ramping down at the rate of 0.1°C/s from 95 to 25°C. 70 Prepare aliquots of annealed adaptors (final concentration is~20 μM) in several 1.5-ml tubes. 75 Amplify the DNA using the following PCR program:
Step 
Troubleshooting
Troubleshooting advice can be found in Table 2 . Always run a test PCR to determine the most appropriate cycle number fragment size due to insufficient sonication will adversely affect the resolution and enrichment of RChIP signals.
IP and bead washing
The quality of the antibody substantially affects the specificity and sensitivity of R-ChIP signals. We recommend testing the IP efficiency of the antibody by western blot. After IP with the anti-V5-tag antibody, we usually obtain a single band at~35 kDa, and the IP efficiency is~10-30% of input 4 . In our experience, a well-executed R-ChIP experiment with~10 7 cells usually generates an amount of final IPed DNA ranging from 0.1 to 0.7 ng/μl in a total of 25-30 μl of elution buffer. A much higher concentration of recovered DNA may indicate insufficient washing of the beads to reduce nonspecifically bound chromatin, leading to a low signal-to-noise ratio in qPCR and sequencing.
Signal enrichment after ChIP
On the basis of our previous data, we choose several typical TSS regions with strong R-loop signals observed in multiple cell types as positive genomic loci for the qPCR test 4 . To determine if there is an adequate signal enrichment, R-ChIP qPCR results are first converted to percentage of input; then if there is four-to eightfold enrichment for the majority of these loci in comparison with the corresponding control regions, such as the downstream terminator region of the same gene or certain distal intergenic regions, we then consider the R-ChIP efficiency acceptable and proceed to library construction steps. As a control, no enrichment should be observed for the WKKD mutant (Fig. 3b) .
Library construction
The majority of the PCR products should be within the range of 140-350 bp. After subtracting the length of flanking primer sequences (31 + 67 bp), the final products should range from~40 to~250 bp in size, which largely determines the R-ChIP resolution. A larger library size may indicate insufficient chromatin fragmentation by sonication, which will result in less accurate localization of R-loop sites.
Evaluation of sequencing data R-loops are highly dynamic and associated with transcription activity, which varies among different cell types and growth conditions. Therefore, it is reasonable to observe differentially formed R-loop regions and varying peak intensity of the same R-loop sites when comparing R-ChIP replicates. In addition, the total called peak number largely depends on sequencing depth. We usually detect several thousands to 14,000 peaks, given 10-30 million uniquely mapped reads per sample, and the correlation coefficient of signal intensity between biological replicates is normally between 0.8 and 0.9. As R-ChIP also provides the strand information for the called R-loop peaks, it is expected that the direction of R-ChIP peaks will match the direction of transcription when comparing R-ChIP data with RNA-seq or GRO-seq data.
Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary linked to this article.
Data availability
R-ChIP data for HEK293T and K562 cell lines are available at the NCBI GEO repository under the accession number GSE97072. All public datasets used in this study are indicated in the corresponding figure legends. 
Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted All studies must disclose on these points even when the disclosure is negative.
Sample size
No statistical methods were used to predetermine sample size. Standard triplicate 4 experiments in RT-qPCR analyses.
Data exclusions no data were excluded from analysis Replication
